organisms, from bacteria to mammals (1) . Their physiological role is still unclear, even though there is indirect evidence for their function, at least in prokaryotes, in bioluminescence (2), ferric reduction (3), DNA synthesis (4, 5) or oxygen reduction (6) . Recently, flavin reductases have also been found to be associated with oxygenases involved in desulfurization process of fossil fuels (7) and antibiotic biosynthesis (8) (9) (10) .
Two classes of flavin reductases, which do not share any sequence similarities, have been found. Class I enzymes do not contain any flavin prosthetic group and cannot be defined as flavoproteins (4) , whereas class II enzymes are canonical flavoproteins (11, 12) .
The prototype of class I flavin reductases is an enzyme, named Fre 1 , which was discovered in Escherichia coli as a component of a multienzymatic system involved in the activation of ribonucleotide reductase, a key enzyme for DNA biosynthesis (4, 5) . Fre consists of a single polypeptide chain of 233 amino acids, with a molecular mass of 26,212 Da (13) . The electron donor can be either NADPH or NADH and riboflavin is the best substrate (4).
Steady-state kinetic studies have shown that Fre functions through an ordered mechanism, with NADPH binding first. This indicates that the protein provides a site which accommodates both the reduced pyridine nucleotide and the flavin substrate in a ternary complex prior to electron transfer (14) .
Substrate specificity studies have shown that the isoalloxazine ring of the flavin is the only part of the molecule which is recognized by Fre (14) .
On the basis of sequence similarities, it was proposed that Fre belongs to a large family of flavoenzymes of which spinach ferredoxin-NADP + reductase (FNR) is the structural prototype (15, 16) . (15) (16) (17) (18) (19) (20) (21) (22) clearly show that these residues, which are highly conserved in all family members, are involved in the interaction between the protein and the flavin isoalloxazine ring. In FNR, Ser96 has been proposed to make a hydrogen bond to the N(5) position of the FAD cofactor (15, 16) . This residue was found to be essential for activity by site-directed mutagenesis (23) . The same approach allowed us to demonstrate that Ser49 of Fre (corresponding to Ser96 of FNR) is indeed involved in flavin binding, and that it is also essential for activity (24) . In addition, as in FNR, we have shown that Ser49 of Fre interacts with the N(5) of the isoalloxazine ring of the flavin substrate (24) .
On the basis of these observations, the hypothesis can be made that Fre and FNR-family members might share mechanistic features in spite of their different affinities for the flavin, which make Fre a flavin reductase and FNRfamily members flavoproteins.
The mechanism of the reaction of several flavoenzymes of the FNR family with NAD(P)H has been previously studied under pre-steady state conditions in a stopped-flow apparatus (23, (25) (26) (27) (28) . In these studies, it was
shown that the reduction of the flavin cofactor by NAD(P)H occurs in discrete The data were fitted to Eq. 1 :
where : A 0 , initial absorbance; A x , absorbance after a given addition of At the highest Fre concentration used in the experiment, it was calculated from Eq. 1 that 86.4% Rf was present in complex with Fre. From these data, it was possible to determine the extinction coefficient of the Fre-Rf complex ( Fre-Rf ) at a given wavelength, using Eq. 2 :
where : A, absorbance at a given wavelength;  Fre-Rf , extinction coefficient of the Fre-Rf complex at the given wavelength;  Rf , extinction coefficient of free
Rf at this wavelength. The extinction coefficients of Fre-Rf were calculated to be 10.7 and 11.5 mM -1 cm -1 at 446 and 456 nm respectively.
In order to study the influence of the pyridine nucleotide on the dissociation constant and the light absorption spectrum of the Fre-Rf complex, NADP + and 3-amino pyridine adenosine dinucleotide phosphate (AADP) were used as NADPH structural analogs in equilibrium experiments. The lack of effect of NADP + and AADP on the interaction between Fre and
Rf is in keeping with the fact that NADP + is a poor inhibitor of Fre (K i = 5 mM, 14) and that AADP exerts no inhibition on Fre reaction at concentrations as high as 2 mM (this work).
Fre-catalyzed riboflavin reduction by NADPH.
In order to study the absorbance changes associated with the reaction of These values are very similar to those estimated from actual initial velocity measurements under steady-state conditions (Table 1) .
At all NADPH concentrations tested, absorbance changes in the 520-750 nm range were qualitatively similar to each other. Figure 4A shows a representative trace of the time-course of absorbance changes observed at 550
nm. At all wavelengths between 520 and 750 nm, and at all NADPH concentrations used, only two distinct phases could be observed since a very rapid undetectable primary absorbance increase was completed within the instrument dead-time (1.7 msec) (The initial spectrum has no absorption at wavelengths between 520 and 750 nm). The first detectable phase is characterized by a slight absorbance increase. In the second phase, the absorbance decreases back to the baseline level. The absorbance at 550 nm reached a maximum while Rf was mainly present in the oxidized form, as indicated by the trace at 450 nm, and decayed as Rf got reduced ( Figure 4A ).
A good fit of the traces observed between 520 and 750 nm could be obtained using Eq. 3 and the same set of rates, k 1 and k 2 .
where : A, absorbance at time t; A 1 and A 2 , pre-exponential terms which describe the amplitude of each phase; C, absorbance at the end of the reaction.
At the highest NADPH concentration (365 M), the first detectable phase of the reaction, which was associated with a small absorbance increase, took (Table 1) .
At all NADPH concentrations, and at wavelengths between 520 and 800 nm, a rapid initial absorbance increase was now detectable, followed by a further slower increase and a final absorbance decrease back to the baseline Absorbance spectra of reaction intermediates.
As expected from the results presented above, the long-wavelength absorbing species were found to accumulate to a greater extent during rapid kinetic experiments performed in the presence of higher concentrations of Rf with respect to Fre (37 M Fre, 147 M Rf and 400 M NADPH). From inspection of traces obtained at several wavelengths between 520 and 800 nm, it was clear that two intermediates were formed. The relative amounts of these species reached a maximum at 3 and 75 ms of reaction, respectively. As shown in Figure 6 , at early stages of the reaction (up to 3 ms), only 2 % of
Rf was reduced and a species with high absorbance at 550 nm and low absorbance at 750 nm was formed. As more Rf was reduced, another species characterized by a lower absorbance at 550 nm, but a relatively higher absorbance at 750 nm accumulated (maximum at 75 ms). Absorbance changes observed at various wavelengths between 520 and 800 nm could be fitted with Eq. 5, which describes the sum of four exponential processes using the same set of rates , Figure   6 ).
where : A, absorbance; A 1 , A 2 , A 3 , A 4 , pre-exponential terms, which describe the amplitude of each phase; k 1 , k 2 , k 3 , k 4 , apparent rate constants; C, absorbance at the end of the reaction. Thus, from the function describing the time-course of the reaction at the various wavelengths, it was possible to calculate the absorbance values of the reaction mixture at different wavelengths and different reaction times. Figure 7 shows the spectra of the reaction mixture calculated at 3 and 75 ms, when the amounts of the first and the second intermediate, respectively, were maximal, and at 1 s, when the reaction was completed. The spectrum of the starting solution containing Fre (37 M) and Rf (147 M), which was recorded with the rapid scanning device of the stopped-flow apparatus, is also shown in the figure.
The calculated spectra can be compared with those obtained during studies of a variety of flavoproteins (33) (34) (35) (36) (37) , especially those from the FNR family (23, (25) (26) (27) (28) . Recently, the reaction with NADPH of the truncated form of PDR, lacking the ferredoxin-like domain (PDR-FeS), was studied in detail (26) and spectra of the charge-transfer complex intermediates were deconvoluted from rapid reaction data. The absorbance spectra calculated 
25-28).
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